The oscillations of a single spherical bubble in a soft surrounding medium are investigated numerically. In particular, the combined effects of the viscoelasticity and compressibility of the surroundings, as well as subsequent heating, on the bubble dynamics are quantified for forced and free collapse. In a Keller-Miksis framework, a Kelvin-Voigt viscoelastic model with full thermal effects is considered, in which the elastic term is represented by a Neo-Hookean model to account for the finite strains. The history and spatial distribution of the stresses and temperatures produced in the surroundings are examined and related to potential cavitation damage mechanisms.
Introduction
Over the past century, significant efforts were dedicated to understanding bubble dynamics in water [3] , primarily with application to naval engineering. In particular, damage thereby inflicted to neighboring solids was one of the main motivating factors. More recently, applications have emerged in which cavitation occurs in soft materials, such as in chemical processing, botany and medicine. The knowledge acquired from our experience in cavitation in water does not directly translate to bubble dynamics in soft matter, due to additional physics (viscoelastic properties such as relaxation and elasticity that are not present in water) and corresponding time scales. Furthermore, experiemental characterization of cavitation in soft materials can be challenging [7] . In this work, our goal is to understand the effect of viscoelasticity on the bubble dynamics when taking into account thermal and compressibility effects, and assess potential damage mechanisms by examining the stress and temperature fields in the bubble surroundings.
Model
Our numerical approach to modeling the dynamics of a single spherical bubble in soft materials [5] is based on the compressible Keller-Miksis equation, alongside which the energy equation is solved inside and outside the bubble as in [4] . Furthermore, a generalized constitutive relation that includes linear and nonlinear elasticity and relaxation is implemented; in the most general form, a spectral collocation method is used to solve the partial differential equations for the stresses in the surrounding medium (and the energy equation). For this particular study, we assume that the surroundings are viscoelastic following a Kelvin-Voigt formulation -the total deviatoric stress consists of the sum of viscous and elastic stresses. Moreover, to account for Figure 1 . Time history of the total deviatoric stresses as a function of radial distance from the origin. The white outline denotes the radius vs. time. In the top, the absolute value of the stresses is reported on a logarithmic scale. In the bottom, the stresses in the medium just at the bubble wall are plotted.
the large deformations/finite strains experienced by the surrounding medium, a neo-Hookean (nonlinear elastic) model [1] is considered.
Results
An air bubble of initial radius 2 µm is driven by a sinusoidally varying far-field pressure waveform with amplitude 1 MPa and frequency 3 MHz. The viscosity of the surroundings is 5 mPa·s and the shear modulus 100 kPa, which fall within the range of values used to represent soft tissue [2, 6] . Fig. 1 shows the bubble response as a function of time (outlined in white), as well as the absolute value of the radial deviatoric stress in the surrounding medium (color contours), given by
where G is the linear shear modulus, µ the viscosity and
with r being the radial coordinate, R the bubble radius and R o the initial radius. While large at collapse and near the bubble, the stresses die out rapidly into the surrounding medium. The bottom plot in Fig 1 shows the time history of the stress in the surroundings right at the bubble wall, by placing a Lagrangian particle there initially and following it. Due to the incompressibility of the near field (and thus conservation of volume), these particles get "closer" to the bubble wall when the bubble radius is larger than initial, and "farther" when the bubble radius is smaller than initial. For these oscillation amplitudes, substantial stresses are observed, mostly at collapse. It is worthwhile to note that for a given cycle the stresses are larger during the collapse phase than they are during growth. Fig. 2 decomposes the radial deviatoric stresses at the bubble wall into viscous (top) and elastic (bottom) components. Overall, the elastic term dominates, particularly at collapse, and is primarily positive, thus reducing the tendency of the bubble to deviate from equilibrium. Due to its dependence onṘ, the viscous term can exhibit relatively large positive and negative values. The relative importance of the viscous and elastic stresses thus strongly depend on the oscillations characteristics (R andṘ), which themselves depend on the viscoelastic properties, as well as the driving pressure (amplitude and frequency). Larger stresses further give rise to larger amounts of energy dissipation and localized heating. Fig. 3 shows the time history of the temperature as a function of radial distance from the origin, as well as line-outs for Lagrangian particles starting at different distances away from the bubble. For relatively violent collapses, significant temperatures are achieved (nearly 80 o C) right at the bubble wall. However, these temperatures decrease rapidly away from the bubble wall. Nevertheless, appreciable heating is observed in the surroundings over time: for a particle initially 1 µm away from the bubble, the temperature increases by nearly 1 o C after 4 µs. Under these circumstances, the heating produced by the successive collapses accumulates.
Conclusions
The oscillations of a single spherical bubble in a soft surrounding medium are investigated numerically. In a Keller-Miksis framework, a Kelvin-Voigt viscoelastic model with full thermal effects is considered, in which the elastic term is represented by a Neo-Hookean model to account for the finite strains. For the problem under consideration, viscous and elastic contributions are substantial; their relative importance depends on the oscillations characteristics (bubble radius and velocity), which themselves depend on the forcing and material properties. A more detailed study of the dependence of the bubble dynamics and stress/temperature fields on these quantities will be presented at the meeting. 
